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PROGRESS  SUMMARY 


A  description  of  the  technical  work  performed,  and  the  results  ob¬ 
tained  during  the  fourth  year  of  Grant  No.  AFOSR-76-2497  is  contained  for 
the  most  part  in  the  two  attached  papers.  One  is  a  presentation  made  at 
the  International  Congress  on  Instrumentation  in  Aerospace  Simulation 
Facilities  held  on  September  24-26,  1979  in  Monterey,  California.  It 
describes  in  some  detail  the  level  of  sophistication  that  has  been 
achieved  thus  far  in  terms  of  instrumentation  and  data  analysis  for  our 
investigation.  The  second  paper,  presented  at  the  AGARD  Conference  on 
Turbulent  Boundary  Layers  held  at  The  Hague  on  September  24-26,  1979, 
summarizes  the  major  results  and  conclusions  which  have  been  deduced 
from  our  measurements.  This  paper  includes  our  first  results  from 
measurements  of  the  coherent  structure  in  the  lateral  direction.  In 
addition,  the  following  events  have  also  taken  place  during  the  past 
year : 

Publication  in  the  April,  1979  issue  of  the  AIAA 
Journal  of  our  paper  "The  Nature  of  Boundary  Layer 
Turbulence  at  High  Subsonic  Speed." 

Oral  presentation  of  "Coherent  Structure  of  Turb  c.._e 
at  a  High  Subsonic  Speed,"  at  the  ASME  Gas  Turbine 
Conference  in  San  Diego,  California,  March  12-15,  1979. 

Presentation  of  the  paper  (referred  to  above  in 
connection  with  the  IC1ASF)  describing  our  instrumenta¬ 
tion  at  the  meeting  of  the  Supersonic  Tunnel  Association  ~  ~ 

°  but  1  on/ 
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iDist  Special 


at  Notre  Dame  University  on  September  13-14,  1979. 


Since  the  preparation  of  these  papers  several  important  steps  have 
been  taken  toward  expanding  our  diagnostic  capabilities  and  clarifying 
our  understanding  of  the  turbulent  structure  at  high  subsonic  speeds. 
They  are  as  follows: 

Construction,  testing  and  utilization  of  5  simple 
anemometer  channels  based  on  a  circuit  developed  by 
Weidman  and  Brewand  at  U.S.C.  We  have  greatly  improved 
the  frequency  response  of  the  basic  circuit  by  replacing 
the  operational  amplifier  with  one  that  has  recently 
become  available  from  Motorola.  Five  additional  channels 
are  about  to  be  completed  and  our  immediate  goal  is  to 
have  15  of  these  units  in  operation.  The  advantage  of  the 
units  lies  in  their  relatively  low-cost,  the  ease  with 
which  they  can  be  set-up,  and  the  improvement  they  allow 
in  matching  frequency  response  characteristics  of  different 
channe Is . 

At  the  present  time,  signal  conditioning  for  the  five  work¬ 
ing  anemometer  units  have  been  provided  for  by  the  acqui¬ 
sition  of  a  set  of  simple  ac  amplifiers.  As  more  anemometer 
units  become  available,  the  additional  signal  conditioners 
required  will  have  to  be  either  purchased  or  constructed. 

With  the  five  anamometer  units  operating  five  flush 
mounted  hot-film  shear  sensors,  recordings  have  been  made 


for  a  lateral  grid  which  also  includes  five  pressure 
transducers  just  upstream  of  the  shear  sensors  and  two 
streamwise  velocity  probes  at  a  fixed  height  directly 
above  two  of  the  shear  sensors  (the  original  anemometer 
systems  are  still  being  used  for  the  velocity  probes). 
The  obvious  goal  here  would  be  to  have  five  velocity 
probes  in  the  grid  but  we  are  currently  limited  to 
12  data  channels  on  our  Honeywell  tape  recorder.  We 
are  in  the  process  of  reactivating  the  Phillips  tape 
recorder  we  were  using  in  our  early  measurements  which 
will  make  available  five  additional  data  channels. 

With  the  capacity  to  record  up  to  17  fluctuations  in 
the  flow  it  seems  advisable  to  repeat  the  measurements 
with  the  previous  streamwise  -  normal  grid  and  use  the 
additional  channels  to  improve  the  resolution  of  the 
boundary  layer  velocity  profile. 
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Aba  tract 


Results  of  simultaneous  measurements  of  velocity,  wall  pressure,  and  wall-shear  fluctuations  In  a 
turbulent  boundary  layer  are  presented.  rhe  measurements  were  performed  In  a  range  of  velocities  from 
40-700  ft/sec,  and  a  range  of  Reg  from  10^  to  10^,  The  results  are  analyzed  In  an  attempt  to  obtain  a 
description  of  the  coherent  or  quas  1 -ordered  structure  of  the  bexindary  layer  turbulence.  On  a  large  scale, 
the  boundary  layer  la  dominated  by  vortical  structures  which  extend  to  the  viscld-lnviscid  region.  The 
wall  region  la  dominated  by  the  so  called  ,rburs  ting"  process.  Hie  relationship  or  interaction  between 
the  large  scale  outer  structure  and  the  turbulent  "bursts"  la  still  not  clearly  defined.  The  present 
experiments  were  particularly  performed  in  order  to  understand  how  these  processes  develop  and  how  their 
relationship  changes  with  increasing  Reynolds  number.  The  results  of  this  investigation  at  high  speed, 
while  confirming  some  of  the  previous  results  with  regard  to  the  mean  period  between  coherent  events, 
and  their  geometrical  configuration,  did  not  yet  resolve  the  question  as  to  whether  at  high  subsonic 
speeds  there  is,  besides  the  outer  flow  processes,  a  distinct  Inner  region.  With  the  limited  instrumenta¬ 
tion  available  It  wsa  not  possible  at  the  high  subsonic  speed  to  resolve  any  Inner  sublayer  region, 
although  It  was  found  that  the  outer  flow  structures  exert  a  strong  influence  on  the  wall.  The  experi¬ 
mental  results  at  low  subsonic  speeds, on  the  other  hand,  did  Indeed  identify  an  inner  and  outer  region, 
and  duplicated  some  of  the  results  obtained  at  low  subsonic  speed  by  other  investigations. 

In  t  roduc  t ion 

The  discovery,  by  means  of  visual  observations  (Refs.  1-7)  of  an  organized  structure  In  turbulent 
shear  flows  has  led  to  a  proliferation  of  new  measurement  and  data  analysis  procedures  for  the  investiga¬ 
tion  of  the  fluctuating  properties  of  such  flows  (Ref.  8-19).  Questions  have  been  raised  concerning  the 
adequacy  of  measurements  which  utilize  Instrumentation  and  analyses  not  suited  to  the  coherent,  quasi- 
perlodic  nature  of  the  flow  nmetures.  It  has  been  found  that  the  size  of  the  transducers  used  in  the 
measurements  and  the  frequency  response  of  the  associated  electronics  Is  an  Important  consideration  In 
terms  of  the  varied  scales  of  the  flow  structures;  and  that  single  point  measurements  and  conventional 
time  averaged  analyses  cannot  reveal  cxich  useful  information  about  coherence  or  In termi t tency  both  of 
which  are  important  aspects  of  the  flow  processes  Involved. 

To  overcome  these  problems,  modern  research  efforts  have  turned  to  ml n 1 tua r i z ed  Instrumentation  and 
multiple  measurements  to  obtain  spatial  resolution  of  the  coherent  flow  structures,  and  to  digitization  of 
the  measurements  so  as  to  allow  various  time  series  analyses  to  be  performed  on  high  speed  computers. 

With  respecc  to  the  latter,  It  has  become  Increasingly  popular  to  apply  various  conditional  sampling 
procedures  co  the  digitized  fluctuations  In  order  to  Isolate  temporal  sequences  associated  with  the  coherent 
structures.  This  type  of  analysis  has  revealed,  among  other  things,  that  significant  contributions  to  the 
long  time  average  Reynolds  stress  occur  during  Intervals  when  coherent  structures  are  present  in  the  flow, 
thus  indicating  that  the  modelling  of  turbulence  and  the  development  of  drag  and  noise  reduction  mechanisms 
might  benefit  greatly  from  s  better  understanding  of  these  structures. 

Visual  observations  of  turbulent  boundary  layer  flows  seeded  with  various  tracers  have  indicated  the 
presence  of  several  different  processes  involving  repetitive  flow  structures.  The  wall  region 
(y+  .  y  uT/u<  100)  is  chanc  terlzed  by  streamwlse  streaks  of  low  speed  fluid  which  lift  up  from  the  wall 
resulting  In  locally  inflexional  velocity  profiles.  The  lift-up  la  followed  by  some  sort  of  oscillatory 
motion  and  then  a  sudden  breakup  Into  small  scale  turbulence.  The  ejection  of  low  speed  fluid  from  the 
vail  is  accompanied  by  sweeps  of  high  speed  fluid  from  the  outer  regions  toward  the  wall.  This  overall 
process  has  been  referred  to  as  a  ,rburst"  (Refs.  20-21).  On  a  larger  scale,  the  boundary  layer  is 
dominated  by  vortical  structures  which  extend  to  the  vtscld-lnvlscld  region  (Refs.  6,  14,  16).  The 
relationship  or  Interaction  between  this  large-scale  outer  structure  (LS0S)  and  the  turbulent  "bursts"  Is 
still  not  clearly  defined.  In  particular,  how  these  processes  and  their  relationship  change  with  in¬ 
creasing  Reynolds  number  has  not  been  fully  explored.  On  the  basis  of  observations  and  measurements  over 
a  limited  range  of  Reynolds  numbers.  It  has  become  conmonly  accepted  that  the  "bursting"  process  is 
strictly  a  sublayer  phenomenon  that  scales  with  wail  variables,  while  the  large-scale  outer  structure  Is 
basically  Reynolds  number  independent.  A  possible  link  between  the  two  processes  may  exist  In  the  fact 
chat  the  frequency  of  occurrence  of  the  turbulent  ,rbursts"  baa  been  fcxjnd  to  scale  with  outer  flow 
variables  and  seems  to  be  related  to  the  period  of  passage  of  the  outer  structures  (Refs.  22-23). 

The  primary  goal  of  this  Investigation  has  been  directed  to  study  these  phenomena  at  a  high  subsonic 
speed,  and  to  specifically  determine  the  possible  role  or  Influence  of  pressure  fluctuations  on  the 
processes  Involved.  Whereas  most  studies  in  this  area  tend  to  be  at  relatively  low  free  stream  velocities 
(typically,  <  100  ft/aec)  and  Reynolds  numbers  (Reg  <  10^),  the  present  results  are  for  a  turbulent 
boundary  layer  with  U*  -  675  ft/sec  and  ReQ  -  108,000.  In  addition,  a imu 1 taneoua  measurements  of  three 
properties  of  the  turbulent  flow,  namely,  the  streamwlse  velocity,  the  wall  shear  and  the  wall  pressure 
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were  made.  i'r e  1 1  cc Lna ry  results  trom  tncisureTicTts  it  Uw  -  5  ft/aec  led  to  the  conclusion  that  It  wcxj  Id 

be  of  some  value  to  have  corapar  i  t  lve  measurements  at  lower  velocities.  Therefore  measurement*  for 
boundary  layers  with  U*  •  73  ft/aec  and  1^-32  ft/aec  were  also  made,  and  are  presented  for  comparison. 

.Experimental  Facilities  and  Procedures 

TTie  New  York  University  one  toot  diameter  Induction  tunnel  was  used  for  this  research.  Hie  facility 
has  been  described  In  detail  in  Refs.  19  and  24.  The  capability  of  varying  the  velocity  from  30  to  700 
“ft/sec  has  since  been  added  to  the  wind  tunnel.  In  addition  the  wind  tunnel  was  modified  so  as  to  allow 
the  test  section  to  be  located  at  several  distances  from  the  inlet  of  the  tunnel.  This  allowed  the 
measurements  to  be  made  at  various  distances  from  the  inlet  depending  on  the  boundary  layer  thickness 
required  (at  the  lowest  velocity,  a  boundary  layer  thickness  of  3"  was  reached  within  15  ft  of  the  tunnel 
inlet ) . 

The  development  of  the  data  gathering  system  and  the  analysis  programs  has  been  a  major  part  of  the 
present  research  program  (see  Ref.  19).  The  system  has  been  greatly  Improved  by  the  acquisition  of  a 
PDP-11/34  mini-computer  and  a  14  channel  tape  recorder.  The  mini -compu ter  system  includes  64K  bytes  of 
memory,  two  terminals  -  one  of  which  is  an  interaction  CRT  graphics  terminal,  floppy  and  cartridge  disk 
mass  storage,  and  most  s ign i f i cant lv ,  a  64  channel  A/D  converter  with  two  programmable  clocks.  Programs 
have  been  developed  on  this  system  which  are  capable  of  performing  the  following  analysis  on  a  production 
run  has  is  : 

1)  Long-time  average  auto  and  cross  correlations. 

2)  Conditional  sampling  using  the  variable  interval  time  average  (VITA)  variance  (see 
Kaplan  and  Laufer  (Ref.  25)  or  Blackwelder  and  Kaplan  (Ref.  8)). 

3)  Pattern  recognition  analysis  to  compensate  for  landoo  phase  "jitter"  in  conditional 
samples  (see  Blackwelder  (Ref.  26)). 

4)  Short-time,  conditionally  sampled  auto  and  cross  correlations  (see  Rrovn  and 
Thomas  (Ref.  14)), 

These  analyses  can  be  applied  directly  to  the  original  digitized  data  or  to  the  data  after  it  has  been 
filtered  using  the  Fast  Fourier  Transform  to  Include  only  components  within  a  chosen  bandpass.  In  this 
way  It  should  be  possible  to  determine  the  Importance  or  influence  of  different  frequency  ranges  on 
particular  results.  From  the  use  of  the  different  analyses  it  should  also  be  possible  to  determine  If 
different  approaches  to  conditional  sampling  produce  comparable  results  when  applied  to  the  same  data. 

Test  Conditions 

In  Ref.  19  experimental  results  were  presented  for  *  675  ft/aec.  Since  that  time  the  measurements 
have  been  repeated  for  two  new  sensor  arrays  and  more  extensive  analyses  have  been  performed.  In  addition, 
extensive  mean  and  fluctuating  flew  measurements  at  «,  75  ft/sec  and  li*  30  ft/aec  have  also  been  made. 
The  mean  flew  properties  of  the  boundary  layer  at  several  stations  along  the  tunnel  for  these  three  flow 
conditions  are  summarized  In  Table  I.  S imu 1 raneous  measurements  of  the  fluctuations  have  been  made 
primarily  with  the  sensor  array  shown  In  Fig.  1  and  more  recently  with  that  shown  in  Fig.  2.  In  the 
latter,  six  wall-shear  measurements  are  oriented  so  as  to  yield  information  about  the  turbulent  structure 
in  the  lateral  directions.  The  present  results  are  for  data  from  the  following  test  conditions: 

U^  -  675  ft/sec,  X/D  a  31,  Ur* th  arrays  (i.e..  Figs.  I  and  2) 
lf  ■  73ft/9ec,X/D-15.5lFlg.  1  array  only 
U  =  75  ft/sec,  X/D  =  20.5,  FIr.  2  array  only 
■  32.6  ft/sec,  X/D  -  20.5,  Both  arrays 

The  aim  of  these  tests  is  to  yield  data  over  a  wide  range  of  Reynolds  numbers  (l.e.,  from  approximately 
5000  to  100,000)  while  maintaining  the  boundary  layer  thickness  in  the  neighborhood  of  3  to  4  inches.  The 

friction  velocity,  an  important  parameter  in  terms  of  the  wall  layer,  also  takes  on  a  wide  range  of  values 

for  these  tests,  that  Is,  from  1.8  ft/sec  to  18  ft/sec. 

Discussion  of  Measurements 

A.  Velocity,  Wall -Shear  and  Wall-Presaure  (Fig,  l) 

Spectral  analyses  of  the  measured  fluctuations  have  shown  basic  agreement  with  previous  measurements 
except  in  the  case  of  the  pressure  fluctuations  In  the  two  low  speed  cases  (U®  -  73  ft/sec  and  li®  -  32.6 

ft/sec).  As  the  result  of  many  previous  measurements  it  is  to  be  expected  that  the  rma  level  of  the  wall- 

pressure  fluctuations  will  fall  somewhere  between  0.57.  and  17.  of  the  dynamic  pressure,  q® .  In  the  case  of 
-  675  ft/sec  a  reasonable  level  of  0.008  q«  was  measured.  But  at  \)m  -  73  ft/sec  and  32.6  ft/sec  the 
measured  levels  were  equivalent  to  approximately  0.23  q*,  and  0,65  f  respectively.  The  explanation  for 
this  is  that,  for  the  low  speed  tests,  the  wa 1 1 -pres sure  fluctuations  due  to  the  turbulent  boundary  layer 
become  so  weak  chat  they  drop  below  the  noise  '‘floor"  of  the  measuring  devices.  The  noise  "floor"  Is  made 
up  primarily  of  tunnel  noise,  although  other  source*  such  as  transducer  vibration  response  and  mia- 
alllgrrroent  with  the  tunnel  wall  may  also  contribute  to  it. 


Research  performed  by  other  investigators,  determined  that  the  level  of- tunnel  noise  could  be  lowered 
with  extensive  acoustic  treatment  of  the  sonic  throat  section  of  the  tunnel  (where  the  flow  undergoes 
rapid  acceleration)  and  by  improving  the  suspension  system  of  the  tunnel.  Theae  modifications  were  not 
undertaken  for  several  reaaona.  First,  in  the  high  subsonic  regime  where  the  primary  Interest  lies,  the 
wall-pressure  fluctuations  due  to  the  turbulent  boundary  layer  are  found  to  be  sufficiently  above  the  noise 
"floor  to  allow  for  accurate  measurements.  Secondly,  in  the  low  speed  case  the  main  Interest  la  In  looking 
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mjcb  greater  aensltlvlM  than  the  one*  nut  are  presently  being  uaed. 

Section*  of  the  data  ere  digitized  for  all  three  free  stream  velocities  end  for  both  of  the  measure- 
ment  arrsvs  shown  in  Flss.  1  end  2.  Various  combination#  of  the  analyses  listed  previously  ere  applied  tc 
the  digitized  date  if  attempt  to  obtain  result#  comparable  to  thoae  found  by  other  lnves  t  i  ft*  t  or  a  and  tc 

compare  certain  propr  e*  of  the  qua  * i -order ed  turbulent  itruccure  at  the  varied  flow  condition*.  It  1* 
becoming  more  evident  . :  om  continued  uee  of  the  VITA  variance  analysis  that  one  muet  be  carefull  when 
looking  at  the  mean  period  between  event*  detected  with  thla  achetue.  The  number  of  time*  that  the  analysi* 
will  indicate  the  occurrence  of  an  event  In  a  fluctuating  quantity  uaed  ae  ■  trigger  will  depend  strongly 
on  the  threshold  level  applied  to  the  VITA  variance  of  that  quantity.  The  reaulta  Indicate  that  for  all 
three  f ree-a treato  velocities  a  threshold  level  equal  to  approximately  one-half  the  long  time  rtna  of  the 
fluctuating  quantity  in  moat  caaes  yielda  a  mean  period  between  event*  given  by  TU./6  •*  3,  although  thla 
will  vary  depending  on  the  measurement  uaed  as  the  trigger.  However,  thl*  period  does  not  seem  to  be  any 
more  significant  than  any  other  that  la  obtained  from  thi*  analysis  with  a  different  threshold.  Some 
other  criteria  would  have  to  be  used  to  determine  the  threshold  which  has  physical  meaning  In  terms  of  a 
specific  type  of  organized  structure. 

Although  care  nviat  be  taken  when  interpreting  the  mean  period  between  events  obtained  in  this  way,  an 
ensemble  average  of  a  act  of  event#  detected  using  the  VITA  variance  can  be  helpful  In  depicting  average 
or  typical  characteria tics  of  coherent  structures  In  the  flow.  Such  a  set  of  ensemble  averages  of  the 
velocity  and  wall-shear  fluctuations  are  shown  in  Figs.  3-5  for  the  three  flow  conditions  snd  for  the 
array  shown  in  Fig.  1.  They  were  obtained  by  applying  the  VITA  variance  analysis  to  the  velocity  fluctua¬ 
tions  at  y  ■  .075" (0)  to  obtain  a  set  of  times  where  the  fluctuations  at  this  point  indicate  the 
occurrence  of  flow  processes  with  certain  repetitive  characteristics.  An  ensemble  average  is  then  taken 
of  512  data  points  centered  about  t^ese  times  for  eacn  of  the  six  velocity  and  one  wall-ahear  measurement. 

It  can  be  seen  from  Fig.  3,  that  for  -  675  ft/sec  there  is  a  definite  correlation  across  all  seven 

mea  su  i  etnents ;  that  is,  the  average  structure  that  the  analysis  triggers  on  encompasses,  or  at  least  has  a 
strong  Influence  on,  all  seven  measurements .  That  is  not  the  case  for  the  two  low  apeed  flows.  Figures  4 
and  5  show  that,  for  the  trigger  at  y  ■  .075"(0)  (i.e„,  in  the  wall  region),  the  average  structure  extends 
or  correlates  only  over  the  three  or  feur  measurements  nearest  the  wall.  The  fact  that  this  correlation 
seems  to  extend  almost  twice  as  far  from  the  wall  (i.e.,  to  y  -  ,275"(K))  for  -  32.6  ft/sec  (Fig.  5) 
than  for  L’a,  •  73  ft/sec  (Fig.  4)  may  be  an  indication  that  this  Inner  region  ehrlnks  toward  the  wall  with 
increasing  flew  velocity,  or  alternatively,  that  it  scales  with  wall  variables. 

To  see  whether  a  similar  coherence  exists  in  the  outer  measurements  for  the  low  speed  flows,  the 
analysis  was  repeated  using  the  measurement  at  y  ■  .375"(J)  as  a  trigger.  The  results,  shown  in  Figs.  6 
and  7  ,  indicate  that  there  1b  a  correlated  structure  in  the  outer  region  which  does  not  seem  to  extend 
further  down  than  y  -  ,275"(K)  from  the  wall.  How  far  up  In  the  boundary  layer  this  coherence  extends 
cannot  be  deduced  from  the  present  measurements. 

An  attempt  has  been  made  to  determine  if  the  loss  of  coherence  with  distance  is  due  to  noise  that 
enters  Into  the  ensemble  averages  because  of  random  variations  in  the  phase  between  the  events  at  the 
trigger  and  that  at  the  measurement  being  averaged  (see  Blackwelder  (Ref.  26)).  A  pattern  recognition 
analysis  was  applied  to  adjust  the  phase,  with  respect  to  the  trigger  at  y  •  .075"(0),  of  each  event  in 
the  ensemble  averages.  The  results  shown  in  Figs.  8  and  9  are  to  be  compared  to  Figs.  4  and  5,  respec¬ 
tively.  Since  each  event  in  the  ensemble  averages  has  been  shifted  to  zero  time  delay,  the  averaged 
events  are  centered  about  t  =  0  In  all  cases.  The  actual  phase  relationship  of  each  average  to  the  trigger 
at  y  c  .075"(0)  is  given  by  the  average  shift  of  all  the  events  In  the  ensemble.  This  is  shown  for  each 
measurement  position  on  both  figures.  It  can  be  seen  that  for  IU  =  73  ft/sec  (Flfs.  4  and  8)  this  phase 
correction  procedure  ha6  little  effect  in  improving  the  ensemble  averages,  tl ub  Indicating  that  the  Iobb  of 
coherence  in  the  outer  measurements  1b  nor  due  to  random  phase  "Jitter"  but  rather  to  the  fact  that  the  fir 
structures  in  the  wall  region  do  not,  on  the  average,  extend  beyond  y  .075"  -  .175"  (y+  112-261).  On 

the  other  hand,  the  phase  correction  procedure  does  result  in  a  definite  improvement  in  some  of  the 
averages  for  U®  *  32.6  ft/sec  (Figs.  5  and  8).  This  is  particularly  evident  at  y  *=  ,175"(L)  and  to  a 
significantly  lesser  degree  at  y  3  .275"(K).  Thus,  after  correction  for  phase  "Jitter"  it  becomes  more 
clear  that  as  the  velocity  is  lowered  the  coherence  of  the  inner  structure  extends  further  from  the  wall 
(i.e.,  to  v  .175"  -  .275"  for  U*  a  32.6  ft/sec)  or  perhaps  that  the  inner  region  scales  with  wall 
variables  (y+  *~loO-252).  The  results  of  Fig.  3  for  U^,  =  675  ft/sec  are  not  inconsistent  with  this  con¬ 
clusion  since  all  the  measurements  except  the  wall-shear  are  outside  the  wall  region  and  the  high  degree 

of  correlation  of  this  measurement  with  the  outer  region  may  be  only  in  terms  of  the  low  frequency  com¬ 

ponents  associated  with  the  outer  structure.  This  will  be  discussed  further  in  the  following  paragraphs. 

The  ensemble  averaged  velocity  and  wall-shear  fluctuations  shown  in  Fig.  3  for  U®  “  675  ft/sec  can  be 
plotted  to  yield  a  sequence  of  fluctuating  velocity  profiles  which  are  presented  in  Figure  10.  The 
instantaneous  total  velocity  profiles  corresponding  to  this  sequence  are  shown  in  Fig.  11.  These  profiles 
show  a  great  many  similarities  to  those  which  have  been  measured  In  the  wall  region  of  low  speed  boundary 
layer  flov6,  in  particular,  to  those  obtained  by  Blackwelder  and  Kaplan  (Ref.  8).  Attempts  to  depict  the 
profiles  in  the  low  speed  cases  16  hindered  by  the  limited  number  of  measurements  in  a  given  region,  but 

indications  are  that  the  flow  structures  in  both  the  inner  and  outer  regions  show  the  same  type  of 

coherence.  (A  similar  conclusion  was  reached  by  Chen  and  Blackwelder  (Ref.  16)  from  measurements  of 
velocity  and  temperature  in  a  boundary  layer  over  a  slightly  heated  wall).  It  Is  not  possible  to  say 
whether  these  similarities  are  a  result  of  the  fact  that  the  wall  region  ,rbursts"  possess  the  same  type 
of  time  signatures  in  terms  of  the  streamwise  velocity  as  the  large  scale  outer  structure  or  that  they  are 
a  consequence  of  the  detection  scheme  being  used,  that  is  to  say,  the  detection  scheme  triggers  on  some 
"typical"  structure  which  exists  in  both  regions. 

On  the  assumption  that  the  former  is  the  case,  the  available  data  will  be  analyzed  further  to  de¬ 
termine  what  relationship  exists  between  measurements  in  the  inner  and  outer  regions.  From  this,  some 
insight  may  be  gained  into  a  possible  interaction  mechanism  between  the  wall  region  "bursts"  and  the  large 


I  a  i4*wm 


isiurs  It  mu\  Ij  i  pfil  JMi  tc  isolate  the  c  cwt’cnf  nt  »  Associated  with  the  ”bu  r  s  t  1  n  g "  process  md  to  dr- 
ti-rr.inr  wi»a  t  r  *■  Is  1 1  on*n  \ ;  exists  l*etvec»  ttitse  snd  t-  «  large  scale  flow  structures.  The  success  oi  such  •" 
a  rvs  1  \  s  i  s  will  depend  strcnplv  of  the  it  accurately  resolve  the  verv  small  scales  associated  with 

turbulent  "bursts".  In  this  reward,  s  c  cmwr»e  r  c  1  a  1  j  v  available  pressure  transducer  having  a  diameter  of 
0.010”  will  be  tested  and  Its  output  compared  to  that  from  the  transducers  now  being  used  (d  ■  0.0*0”). 

Some  preliminary  results  have  been  obtained  concerning  the  behavior  of  the  wall  preaaure  fluctuations 
from  the  measurements  and  data  discussed  in  Kef.  19  for  L’.  -  679  ft/aec,  Die  measurement  grid  was  similar 
tc  t.iat  shown  In  Fig.  1  except  that  fewer  sensors  were  available  at  that  time  end  the  streamviie  velocity 
vaa  measured  at  slightly  different  positions.  Figure  12  above  the  result  of  taking  the  ensemble  average 
of  60  events  detected  over  an  interval  of  TU»/t*  •  2000  using  the  velocity  fluctuations  at  y/6  -  0.088  as 
the  trigger.  The  velocity  and  shear  fluctuations  are  basically  the  same  as  those  In  Fig.  3  since  the 
trigger  la  at  approximately  the  same  position  In  both  casea.  From  Fig.  12  the  wall  pressure  fluctuations 
can  be  seen  to  be  characterized  by  a  well  defined  period  of  overpressure  during  the  passage  of  the  flow 
structures  in  the  outer  region.  An  examination  of  the  wall  pressure  fluctuations  during  individual  events 
consistently  shows  the  superposition  of  large  amplitude  high  frequency  components  on  the  more  slowly 
varving  period  of  overpressure.  The  fact  tha*-  these  high  frequency  components  do  not  appear  cm  the  average 
would  Indicate  that:  they  are  either  a  random  phenomenon  or  that  they  occur  at  a  random  phase  with  respect 
to  the  process  which  triggers  the  detection  scheme.  It  should  be  possible  to  determine  which  is  the  case 
bv  filtering  the  pressure  fluctuations  to  obtain  some  representation  of  the  high  frequency  components  and 
Chen  applying  a  detection  scheme  to  see  if  coherence  also  exists  In  this  aspect  of  the  data.  A  dominant 
phase  relationship  between  the  low  and  high  frequency  components  of  the  fluctuations  could  also  be  de¬ 
termined  by  cross -corre la t ing  the  two. 

B.  Wall-Shear  Measurements  in  the  Lateral  Direction  (Fig.  2) 

Measurements  with  the  wall-shear  array  shown  In  Fig.  2  have  been  analyzed  for  U  ■  675,  75,  and  32.6 
ft/sec.  Figures  13-15  show  the  results  of  taking  ensemble  averages  at  each  position  using  the  measurement 
at  C  as  the  trigger  for  detecting  the  occurrence  of  events.  It  can  be  seen  that  except  for  the  high  apeed 
case  (Fig.  13)  there  is  no  discernible  correlation  in  the  lateral  direction,  whereas  a  definite  correlation 
exists  for  the  measurement  (F)  oriented  directly  downstream  of  the  trigger  position.  This  is  to  be  ex¬ 
pected  since  previous  measurements  as  well  as  visual  reservations  have  indicated  that  both  the  wall  region 
"bursts"  and  the  large  scale  outer  structures  maintain  a  high  degree  of  coherence  for  large  distances  in 
the  streamvlse  direction.  The  extent  and  spread  of  these  structures  in  the  lateral  direction  is  much  more 
limited.  In  the  case  of  the  wall  region  processes,  for  example,  the  separation  between  the  streamuise 
streaks  is  estimated  to  be  on  the  order  of  2+  100,  while  each  Individual  streak  is  confined  to  a  fraction 

of  this  distance. 

It  is  not  clear  from  the  results  of  Figs.  13-15  whether  the  detection  scheme  we  are  using  triggers  on 
the  wall  region  structures  or  on  the  response  of  the  wall  shear  to  the  passage  of  the  large  scale  outer 
structures.  it  car.  be  6een  from,  the  ron-direr  lonal  distances  in  Fig.  2  that,  at  least  in  the  case  of 

-  12.6  ft -sec,  the  size  and  separation  of  the  wall  shear  sensors  should  be  adequate  for  discerning  some 
aspects  cf  the  vail  region  processes.  rv-.ever  ,  several  factors  would  seem  to  Indicate  that  the  typical 
wall  shear  response  seer  in  the  red  pu  r  r'-ent  s  at  C  and  F  in  Figs.  13-15  is  a  result  of  the  large  scale 

c*vi  i  ex  structure.  First,  the  typical  response  histories  In  the  low  speed  cases  (Figs.  14  and  15)  con¬ 
sistent  lv  ‘-hew  that  what  appears  to  be  an  overshoot  or  super  imposed  hich  frequency  component  at  the  top  of 

the  rapid  change  in  the  wall  shear.  A  similar  phenomenon  was  observed  by  Brown  and  Thomas  (Ref.  14)  in 

their  wall  shear  measurements  and  led  them  to  speculate  that  the  super i rrros ed  high  frequency  component  was 
a  o.ini  :  es  t  a  t  i  on  cf  the  ''bursting,”  process.  The  high  frequency  component  was  seen  to  occur  at  a  well  de¬ 
termined  phase  with  respect  to  the  lev  frequency  component  attributable  to  the  large  scale  outer  structure, 
specifically,  it  occurred  near  positive  maxima  of  the  fluctuating  shear.  A  similar  conclusion  concerning 

the  present  results  would  seen  to  be  supported  by  the  fact  that  this  effect  appears  to  be  more  pronounced 

in  Fig.  16,  t.e.,  IVr  =  32.6  ft/sec  (where  better  resolution  is  possible  of  the  wall  region  processes;  than 
in  Fig.  1$  for  =  75  ft/eec,  and  does  not  appear  at  all  in  Fig.  13  for  I’*,  *  675  ft/sec  where  the  in¬ 

strumentation  Is  not  capable  of  resolving  any  processes  on  the  scale  of  the  wall  region. 

A  second  indication  that  the  well  defined  time  signatures  in  Figs.  13-15  are  basically  the  response 

of  the  wall  shear  to  the  outer  structure  comes  from  the  results  of  a  phase  correction  analysis  6hovn  in 

Figs.  16  and  17  for  l L,  *  675  ft/sec,  in  Figs.  18  and  19  for  U*  =  75  ft/sec  and  in  Figs.  20  and  21  for 

I'  =  32.6  fr/«e  .  Die  set  of  events  which  are  detected  by  using  T’(C)  as  a  trigger  are  divided  into  two 

groups  depending  on  the  phase  relationship  between  each  event  at  C  and  any  similar  ewnt  found  at  B  by  the 

pattern  recognition  analysis  referred  tc  earlier.  The  search  for  a  similar  event  was  restricted  to  time 

delays  approx  ima  r  e  lv  in  the  range  -5  <  5.  Die  ensemble  averages  obtained  for  the  set  of  events 

where  a  match  was  found  at  *  later  tune  In  f'(B)  (positive  delay)  are  shown  In  Figs.  16,  18,  and  20  and  at 

an  earlier  tune  (negative  delay)  in  Figs.  17,  19  and  21.  The  average  time  delay  by  which  the  eventG  in  each 
ensemble  average  were  shifted  is  also  Indicated  in  these  figures.  Die  marked  improvement,  particularly  for 
the  two  low  sperd  cases,  in  the  ensemble  averages  (compared  to  Figs.  13-15)  shows  that  a  coherence  exists 
in  the  lateral  direction  which  was  previously  obscured  by  random  phase  "jitter"  and  which  extends  across 
three  or  four  of  the  roes  su  r  ement  s ,  i.e.,  Z4"  e»  500-5000.  This  could  not  be  as  a  result  of  wall  region 

processes  which  have  been  observed  to  be  confined  to  lateral  distances  on  the  order  of  Z+  50. 

The  fact  that  the  events  can  be  separated  into  two  groups  with  opposite  phase  relationships  across 
the  lateral  measurements  Is  thought  to  be  an  indication  of  the  "arrowhead"  or  "horseshov"  type  shape 
(see  Fig.  2)  that  has  been  hypothesized  for  the  large  scale  outer  structure  when  looked  at  from  above  the 
wall  of  the  boundary  layer.  It  is  clear  that  the  phase  relationship  one  would  obtain  among  a  set  of 

lateral  measurements  would  depend  on  which  "leg”  of  the  structure  crosses  the  measurements.  From  the 

results  of  Figs.  16-21  it  is  possible  to  estimate  the  angles  p*  and  G“  in  Fig.  2  that  each  "leg"  makes 
with  the  X-axis.  Taking  the  average  time  delay  between  the  measurements  at  C  and  F  one  obtains  a  stream- 
wise  convection  velocity  of  Uc/U„  =  0.70  for  U.  -  675  ft/sec,  Uc  /Uw  -  0.69  for  -  75  ft/sec  and  Ur/U^=  O.f* 

f  T.  -  1?  ,  *  ft  —  - . '•■■■■■*•*•  •  '  '  ’ 
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ft*  and  6*  «re  due  to  error*  In  the  eitlmatei,  elnce  by  synraetry  they  ehould  be  equal.  The  results  in  the 
tvc  low  speed  caaea  ccxnpare  favorably  with  the  angle  of  22°  estimated  by  Thomas  (Ref.  15)  fro®  similar 
Desfurementa  a  t  U»  ^  100  ft/aec.  '  ^  "xjch  smaller  angle  obtained  In  the  high  speed  caae  ccwld  be  an 
indication  that  the  flow  atructui.  »  '  -me  more  confined  In  the  lateral  direction  aa  the  free  atream 
velocity  la  Increased. 
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Measurements  of  the  fluctuating  properties  of  a  turbulent  boundary  layer  for  a  wide  range  of  free 
stream  conditions  have  been  analyzed  to  obtain  information  concerning  coherent  or  quasi-ordered  structures 
in  the  flow.  The  primary  interest  of  the  investigation  is  for  free  stream  velocities  In  the  high  subsonic 
regime  (specifically,  LT—  •  675  ft/aec),  although  comparative  measurements  have  been  made  at  two  lower 
veloc-ties,  i.e.  !)„  75  ft/sec  and  U*  *  30  ft/sec.  The  Reynolds  number,  Reg,  ranges  from  10^  down  to 

approximately  10^,  while  the  boundary  layer  tnickness  is  maintained  relatively  constant  at  between  3  to  4 
inches . 

Recordings  of  the  fluctuating  strtramvise  velocity,  wall-shear,  and  wall-pressure  in  the  boundary  layer 
are  digitized  to  obtain  simultaneous  time  histories  of  the  fluctuations.  These  are  analyzed  on  a  mini¬ 
computer  using  vario-.  i  conditional  sampling  procedures  to  isolate  temporal  sequences  associated  with  the 
coherent  structures.  From  this  the  mean  period  between  occurrences  of  the  flow  structures  is  estimated 
and  ensemble  averages  found.  These  ensemble  averages  and  cross-correlations  between  measurements  at 
different  positions  during  the  occurrence  of  events  are  used  to  deduce  information  concerning  the  geometry 
of  the  flow  structures. 

Measurements  for  two  arrays  of  sensors  have  been  analyzed  in  this  way.  In  one,  wall-shear  and  wall- 
pressure  sensors  are  aligned  in  the  streamwlae  direction  upstream  of  a  rake  of  six  streamwise  velocity 
probes.  In  the  other,  wall-shear  measurements  are  aligned  so  as  to  yield  information  about  the  flow 
structures  In  the  lateral  direction.  Using  a  variable-interval  time-average  (VITA)  variance  analysis  to 
detect  the  occurrence  of  events  In  the  data,  the  mean  period  between  events  (f)  is  found  to  be  approxi¬ 
mately  given  by  TU^/iJ*^,  although  some  variation  is  found  depending  on  the  measurement  used  as  the  trigger 
for  detection.  The  number  of  events  detected  using  this  technique,  however,  is  strongly  dependent  on  the 
threshold  chosen  In  the  analysis.  The  e^-imate  given  here  was  obtained  with  thresholds  In  the  neighbor¬ 
hood  of  one-half  the  overall  rms  of  the  fluctuations  under  consideration.  But  this  choice  seems  rather 
arbitrary  and  the  resulting  mean  period  between  events  should  be  Judged  accordingly. 

Irregardless  of  these  question'  about  the  number  of  events  detected,  a  normalized  ensec^le  average  of 
all  the  events  is  useful  in  depicting  certain  characteristics  of  the  flow  structures.  In  the  case  of  the 
streamwise  velocity  measurements  normal  to  the  wall  for  ■  675  ft/sec.  It  was  found  that  the  average 
structure  correlates  well  over  all  the  measurements  incluiing  the  wall-shear.  This  was  not  the  caae  for  the 
two  low  speed  flows.  If  a  measurement  near  the  wall  is  used  as  a  trigger  the  resulting  ensemble  averages 
display  coherence  only  up  to  a  certain  distance  from  the  wall  (i.e.,  up  to  y"*"  ^  100-200).  A  similar 
coherence  exists  in  the  outer  measurements  when  one  of  these  ia  used  aa  a  trigger.  In  addition,  the 
boundary  between  the  inner  and  outer  regions  seems  to  be  further  frem  the  wall  for  U»  -  326  ft/sec  than  for 
L’»  -  73  fr/sec.  This  mav  be  an  indication  that  the  inner  region  scales  with  wall  variables- 

The  similarity  of  the  coherence  in  the  inner  and  outer  regions  as  well  as  the  similarity  between  the 
present  measurements  In  the  high  speed  case  (which,  except  for  the  wall  measurements,  are  in  the  outer 
region)  and  the  results  obtained  by  others  in  the  wall  region  of  low  speed  flows  may  be  due  Co  one  of  two 
reasons.  Either  the  detection  scheme  being  used  triggers  on  some  "typical"  structure  existing  in  various 
regions  of  the  boundary  layer,  or  the  wall  region  "burst"  process  exhibits  the  same  rime  signature  In  terms 
cf  the  streamwise  velocity  as  certain  aspects  of  the  large  scale  outer  structure.  It  is  not  possible  to 
determine  from  the  present  results  which  of  these  is  actually  the  case. 

Of  particular  interest  in  the  high  speed  results  is  the  fact  that  the  coherence  seen  in  the  outer 
measurements  extends  to  the  wall.  Both  the  wall-shear  and  the  wall-pressure  show  a  definite  correlation 
to  the  passage  of  the  outer  structure.  This  is  not  the  case,  at  least  on  the  average,  for  the  two  low  speed 
flows.  By  looking  at  individual  events  in  the  low  speed  measurements  more  carefully  It  should  be  possible 
to  determine  If  there  are  events  which  exhibit  some  correlation  between  the  inner  and  outer  regions.  To 
determine  whether  the  stbong  correlation  seen  in  the  high  speed  measurements  is  due  to  the  inability  of  the 
sensors  to  resolve  the  small  scales  associated  with  the  wall  region  processes,  a  pressure  transducer  which 
Is  \  the  size  of  those  now  being  used  will  be  tested.  With  regards  to  this  question  of  the  interaction 
between  wall  region  processes  and  the  large  scale  outer  structure,  an  attempt  will  also  be  made  to  look  at 
the  measurements  in  various  frequency  ranges  and  to  see  what  relationship  exists  between  them. 

Two  Important  results  were  obtained  from  the  wall-9hear  measurements  which  concentrated  on  the  lateral 
aspects  of  these  flow  structure,  or  to  be  more  precise,  of  their  "footprint".  From  two  measurements 
aligned  In  the  streamwise  direction,  the  average  convection  velocity  of  the  flow  structures  was  found  to  be 
in  the  range  Uc  •  0.6  -  0.7  U®.  This  result,  combined  with  the  phase  relationship  found  between  the  same 
event  as  measured  st  two  adjacent  lateral  position,  was  used  to  determine  the  angle  that  the  sides  of  the 
flow  structure  makes  with  the  streamwise  direction.  This  angle  was  found  to  be  approximately  20°  for 
\im  •  32.6  ft/sec  and  18°  for  U®  -  75  ft/sec.  In  the  high  speed  case  (U®  -  675  ft/sec)  a  much  smaller  angle 
of  about  6°  was  estimated.  This  would  seem  to  indicate  that  the  flow  structures  tend  to  become  more 
confined  in  the  lateral  direction  as  the  flow  velocity  increases. 
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Mean  Flow  Parameters  at  Several  Stations  for  Three  Test  Conditions 


of  instrumentation  lay-out  including  table  of  non-dimensional  distances  from  wall 


Fig. 3  Ensemble  averaged  velocity  and  wall-shear  fluctuations  U„  =  67S  ft/sec,  trigger:  u'(O) 
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Fig. 7  Ensemble  averaged  velocitv  and  wall-shear  fluctuations  =  3  2.6  ft/sec,  trigger:  u'(J) 


Fig.8  Ensemble  averaged  velocity  and  wall  shear  fluctuations  after  correction 
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Fig.  14  Ensemble  averaged  wall  shear  fluctuations  for  array  in  Figure  2 
Uo,,  =  75  ft/sec,  trigger:  r'(C) 
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phase  "jitter"  (only  events  w  ith  positive  shifts  hetu  een  r’(0  and  r'(B)1 
=  675  ft/sec.  tnpper  r’(C) 
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Abs  trac  c 

The  Ins Cruoenta tlon  and  data  analysis  pro¬ 
cedures  utilized  to  study  the  organized  nature  of 
boundary  layer  turbulence  are  described.  Measure¬ 
ments  in  the  boundary  layer  consist  of  the  stream- 
wise  velocity  and  wall-shear  using  miniature  hot- 
film  sensors  and  constant  temperature  anemometers, 
and  va  1 1 -pres sure  using  pi ezores is 1 1 ve  transducers 
and  lov-notse  differential  amplifiers.  Procedures 
for  recording,  digitizing,  and  analyzing  the 
fluctuating  components  of  these  measurements  with 
the  aid  of  a  mini -compu ter  system  are  outlined. 

The  digital  analyses  performed  include  conventional 
Fourier  transform  and  t ime -a ve ra ged  correlation,  as 
veil  as  conditional  sampling  to  obtain  ensemble 
averaged  time  signatures  and  correlations  of  the 
fluctuations  for  coherent  events  in  the  flow. 
Representative  results  obtained  frcm  these  analyses 
for  three  free  stream  conditions  are  presented. 

1.  INTRODUCTION 

The  discovery,  by  means  of  visual  observations 
(Refs.  1-7),  of  an  organized  structure  in  turbulent 
shear  flows  has  led  to  a  proliferation  of  new 
measurement  and  data  analysis  procedures  for  the 
investigation  of  the  fluctuating  peopertles  of  such 
flows  (Refs.  8-19).  Questions  have  been  raised 
concerning  the  adequacy  of  measurements  which  uti¬ 
lize  instrumentation  and  analyses  not  suited  to  the 
oulti-scale,  quas i -per iodic  nature  of  the  flow 
structures  that  have  been  observed.  It  has  been 
found  that  the  size  of  the  transducers  used  in  the 
measurements  and  the  frequency  response  of  the 
associated  electronics  is  an  important  considera¬ 
tion  In  terms  of  the  varied  scales  of  the  flow 
structures;  and  that  single  point  measurements  and 
conventional  time  averaged  analyses  cannot  reveal 
ouch  useful  ir. formation  about  coherence  or  inter- 
mirtency,  both  of  which  are  important  aspect*  of 
the  flow  processes  involved. 

To  overcome  these  problems,  modern  research 
efforts  have  turned  to  mlnituarized  Instrumentation 
and  multiple  measurements  to  obtain  aome  sort  of 
spatial  resolution  of  the  coherent  flow  structures, 
and  to  digitization  of  the  measurement!  ao  aa  to 
allow  various  time  aeries  analyses  to  be  performed 
on  high  speed  computers.  With  reapect  to  the 
latter,  it  has  become  Increasingly  popular  to 
apply  various  conditional  sampling  procedures  to 
the  digitized  fluctuations  In  order  to  isolate 
temporal  sequences  associated  with  the  coherent 
structures.  This  type  of  analysis  has  revealed, 


N.Y. 

among  other  things,  that  significant  contribute 
to  the  long  time  average  Reynolds  stress  occur 
during  intervals  when  coherent  structures  are 
present  in  the  flow,  thus  Indicating  that  the 
modelling  of  turbulence  and  the  development  of  d 
and  noise  reduction  mechanisms  might  benefit 
greatly  from  a  better  understanding  of  these 
s  tructures . 

Visual  observations  of  turbulent  boundary 
layer  flows  seeded  with  various  tracers  have  in¬ 
dicated  the  presence  of  several  different  pro¬ 
cesses  involving  repetitive  flow  structures.  Th 
wall  region  (y+  <  100)  is  characterized  by  strea 
wise  streaks  of  low  speed  fluid  which  lift  up  fr 
the  wall  resulting  In  locally  inflexional  veloci 
profiles.  The  lift-up  is  followed  by  some  sort 
oscillatory  motion  and  then  a  sudden  breakup  int 
small  scale  turbulence.  The  ejection  of  low  sp*» 
fluid  from  the  wall  ia  accompanied  by  sweeps  of 
high  speed  fluid  from  the  outer  regions  toward  t' 
wall.  This  overall  process  has  been  referred  to 
a  "burst"  (Refs.  20-21).  On  a  larger  scale,  the 
boundary  layer  is  dominated  by  vortical  structur 
which  extend  to  the  vlscid-invlscid  region  (Refs 
16,  16).  The  relationship  or  Interaction  betver 
this  large-scale  outer  structure  (LSOS)  and  the 
turbulent  "bursts"  is  still  not  clearly  defined. 
In  particular,  how  these  processes  and  their 
relationship  change  with  increasing  Reynolds  numb 
has  not  been  fully  explored.  On  the  basis  of  ob- 
servations  and  measurements  over  a  limited  range 
Reynolds  numbers,  it  has  become  commonly  accepts 
that  the  ,rbursting"  process  is  strictly  a  sublay'' 
phenomenon  that  scales  with  vail  variables,  whtlr 
the  large-scale  outer  structure  is  basically 
Reynolds  number  independent.  A  possible  link 
between  the  two  processes  may  exist  in  the  fact 
that  the  frequency  of  occurrence  of  the  turbulent 
"bursts"  has  been  found  to  scale  with  outer  flow 
vai tables  and  seems  to  be  related  to  the  period  c 
passage  of  the  outer  structures  (Refa.  22-23). 

The  primary  objective  of  the  present  investl 
gatior.  has  been  to  obtain  information  concerning 
these  phenomena  at  high  subsonic  speeds,  and  to 
specifically  determine  the  possible  role  or  in¬ 
fluence  of  pressure  fluctuations  on  the  processes 
involved.  The  experiments  discussed  here  were 
therefore  performed  in  a  boundary  layer  with  a 
relatively  high  (compared  to  other  lnvea t Iga t ions 
In  this  area)  free  stream  velocity  (1^  *  675  ft/s 
and  Reynolds  number  (Reg  10^).  In  addition,  an 
instrumentation  and  data  acquisition  system  was 
developed  that  allows  slmultane<xis  measurements  t 


ba  made  of  three  properties  of  the  turbulent  flow, 
namely,  the  ■treerowtse  velocity,  the  vail -shear  end 
the  val  1  -pretiure  .  Up  to  twelve  such  me*  au  r  etnen  t  ■ 
have  been  analyred  digitally  on  a  ml  n  1  -c  cnpu  t  e  r 
using  procedures  similar  to  those  developed  to 
study  these  phenomena  in  low  speed  flows  (Refs.  8, 

14,  24,  snd  25).  For  the  purpose  of  comparison, 
the  measurements  and  analyses  have  also  been  per¬ 
formed  for  free  stream  velocities  of  75  snd  32.6 
f t/sec , 

2,  INSTRUMENTATION  AND  DATA  RECORDING 

The  measurements  oescribed  here  were  made  on  or 
near  the  wall  of  a  12  Inch  diameter  Induction  wind 
tunnel,  a  sketch  of  which  Is  shown  in  Fig.  1.  The 
details  of  the  construction  and  calibration  of  this 
facility  can  be  found  in  Refs.  19  and  26.  The 
original  design  of  the  tunnel  included  a  sonic 
throat  section  which  allowed  the  speed  in  the  test 
section  to  be  varied  from  M  ■  0.6  to  0.8.  Modifi¬ 
cations  were  made  to  the  throat  section  centerbody 
that  now  allow  the  apeed  to  be  set  as  low  as 
30  ft/sec.  Arrangements  were  also  made  to  sllov 
the  test  section  to  be  placed  at  various  distances 
from  the  inlet  depending  on  the  boundary  layer 
thickness  required  for  the  measurements. 

The  types  of  sensors  used  for  the  measurements 
snd  the  general  method  of  placement  in  the  tunnel 
are  sketched  in  Fig.  2.  The  test  section  Is  fitted 
with  four  windows,  two  of  which  ca~  be  used  to 
mount  the  plug  containing  the  wall-shear  and  wall- 
pressure  sensors  and  the  rake  of  five  streamvise 
velocity  probes.  A  sixth  velocity  measurement  is 
made  very  near  rhe  wall  with  a  special  sub- 
miniature  ’■'rooe  mounted  directly  in  the  tunnel 
window.  The  electronics  associated  with  recording 
the  fluctuating  output  signal  of  each  sensor  are 
shown  in  Fig.  3.  The  mean  snd  rms  levels  of  the 
signals  are  monitored  during  teats  either  visually 
on  meters  or  on  s  chart  recorder.  The  specifics  of 
the  instrumentation  for  each  type  of  measurement 
are  as  follows: 

a )  Wa 1 1 -Pres  su  re 

The  vall-pre98ure  is  measured  using  flush- 
mounted  Kullte  type  M1C-080-5  pi ezor es i s t ive  trans¬ 
ducers  which  are  rated  for  a  pressure  difference  of 
5  psi.  The  pressure  sensitive  area  of  these  trans¬ 
ducers  has  a  diameter  of  0.040”  (ace  Fig.  2).  The 
sensitivity  of  each  transducer  was  checked  and 
found  to  be  constant  up  to  the  rated  pressure  and 
to  be  on  the  order  of  0.6  mV /ps i /V ( inpu t ) .  Vlth  a 
bridge  excitation  of  9  volts,  a  dynamic  calibration 
of  these  transducers  using  a  pistonphone  yielded  an 
equivalent  sensitivity  of  142  dB  below  l.OV/ubar. 
The  manufacturer  specified  natural  frequency  of 
200  kHz  insures  that  this  sensitivity  is  accurate 
up  to  approximately  40  kHz. 

The  output  signal  from  these  transducers  is 
conditioned  by  Princeton  Applied  Research  type  113 
low-noise  amplifiers.  Because  of  the  high  gain 
required  (typically  on  the  order  of  2000),  the* 
aurplifiera  were  operated  in  a  differential  mode  so 
as  to  alleviate  the  problem  of  induced  electronic^ 
noise.  (Proper  shielding  and  grounding  were  also  - 


found  to  be  helpful  in  this  regard).  Filtering 
provided  for  on  the  amplifiers  by  a  sat  of  low  • 
high  frequency,  6dB/octave,  roll-off  filters, 
typical  bandpass  used  was  10-100,000  Ht ,  a  1  thou f' 
It  was  sometimes  necessary  to  lower  the  upper  er 
to  30,000  Hi  to  help  eliminate  high  frequency  nr 

b)  Wall-Shear 

A  Thermo-Sys tema  type  1237  flush -mounted  hr 
film  sensor  together  with  a  DISA  55A01  constant 
temperature  anemometer  are  used  to  measure  the 
shear  on  the  wall  beneath  the  boundary  layer, 
wall-shear  is  determined  from  the  bridge  output 
voltage  accoidlng  to  the  veil  established  relsti 
ship  (see,  for  example,  Thomas  (Ref.  15)): 


The  applicability  of  this  relationship  In  the 
present  cast  will  be  discussed  in  a  subsequent 
sect  ion. 

The  dynamic  characteristics  of  the  sensor 
depend  on  how  *-he  coefficients  A  and  B  in  the  a'; 
relation  vary  with  frequency  and  cm  the  time  re¬ 
sponse  characteristics  of  the  ane-mcrme ter  feedbar 
circuit.  The  later  was  adjusted  using  the  statu’ 
square  wave  calibration  procedure  to  give  a  flat 
responae  curve  up  to  approximately  20  kHz.  The 
range  of  frequencies  for  which  the  relationship 
between  the  output  voltage  and  wall-shear  remain 
unchanged  will  depend  on  the  hot-film  dimenalone 
and  substrate  material  and  cm  the  flow  condition 
aa  discussed  by  Thomas  (Ref.  15).  Tor  the  case 
14b  •  675  ft/aec,  these  considerations  lead  to 
frequency  limits  of 

190  Hi  <  f  <  21  kHz 

which  should  not  be  of  serious  consequence  in  u 
of  the  frequencies  of  interest  in  the  present 
measurements . 

c )  St  Teamwise  Velocity 

The  streamvise  velocity  in  the  bcundary  la% 

1 8  measured  with  The rmo-Sys t emfl  type  1260  and  12 
hot-film  probes  and  various  types  of  constant 
temperature  anemometer  systems  (Fig.  3).  The 
sensing  element  on  these  probes  is  an  alumina 
coated  cylindrical  quartz  rod  having  a  diameter 
0.001”  and  a  lateral  width  of  0.040”  for  the  121 
type  probes  and  0.010”  for  the  single  1297  sub¬ 
miniature  probe.  Calibration  of  the  five  probe*- 
the  rake  is  accomplished  in  a  small  induction 
tunnel  built  specifically  for  thia  purpose.  Tbr 
flow  speed  in  the  tunnel  can  be  varied  continuum 
from  zero  to  approximately  600  ft/aec  and  can  be 
kept  steady  for  long  periods  of  time.  The  flow 
apeed  is  determined  from  the  ratio  of  static  to 
stagnation  pressure  as  measured  with  a  precise  r 
of  manometers.  The  bridge  outjxjt  vol  tage-veloc  1 
relationship  obtained  from  the  calibration  is  uf 
to  set-up  the  analog  linearizers  shown  in  Tig.  3 
or  to  linearize  the  data  representing  the  stream 
wise  velocity  after  it  has  been  digitized. 
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The  frequency  response  of  these  systems  Is 
checked  using  ■  square  wave  calibration  signal  and 
adjusted  to  give  a  flat  response  up  to  about  20  kHz 
although  some  variation  existed  from  one  system  to 
another.  The  bandpass  on  tne  signal  conditioners 
via  typically  set  at  5-50,000  Hz. 

Recording  of  the  analog  fluctuation  signals  from 
these  various  sensors  Is  provided  for  by  a  Honeywell 
5600  tape  recorder  which  has  13  available  data 
channels.  To  achieve  the  moat  suitable  data  band¬ 
width,  recording  la  done  in  FTi  mode  at  a  speed  of 
60  IPS.  In  this  configuration  the  available  band¬ 
width  la  DC-40  kHz.  TVo  signals  which  serva  to 
synchronize  the  different  data  channels  on  play¬ 
back  are  recorded  along  with  the  sensor  signals 
during  each  test.  One  is  a  pulse  train  with  a 
period  of  about  1.5  seconds  which  serves  to  sepa¬ 
rate  the  test  into  several  sections.  The  other  ia 
a  200  kHz  sine  wave  which  acta  as  a  tape-time  clock 
in  the  digitizing  procedure.  Since  omy  13  data 
channels  are  available  on  the  tape  recorder,  the 
pulse  train  had  to  be  added  to  one  of  the  sensor 
signals  when  12  measurements  were  made  in  the  flow. 

3.  DATA  ACQUISITION  AND  ANALYSIS  SYSTEMS 

The  recorded  data  is  analyzed  with  the  systems 
shown  schematically  in  Fig.  4.  Conventional 
spectral  and  correlation  analyses  of  the  analog 
data  are  performed  using  a  General  Radio  1900  wave 
analyzer  and  a  Salcor  42  correlation  and  probability 
analyzer.  The  bulk  of  the  data  analysts,  however, 
is  performed  on  digitized  sections  of  the  record¬ 
ings  obtained  with  the  use  of  a  PDP-11/34  mini¬ 
computer  system.  This  system  includes  the  11/34 
processor  with  64K  bytes  of  memory,  one  RL01 
cartridge  disk  drive  and  dual  floppy  disk  drives 
for  mass  storage,  two  termina Is -one  of  which  has  a 
CRT  with  graphics  and  hard-copy  capability,  and, 
most  significantly  for  the  present  application,  a 
64  channel  A/D  converter  with  two  programmable 
clocks.  The  software  available  on  the  system 
includes  the  RT-ll  operating  system,  a  Fortran  IV 
compiler,  and  several  scientific  subroutine  and 
laboratory  applications  packages. 

Several  considerations  led  to  the  development 
of  the  digitizing  procedure  being  used  in  this  ex¬ 
periment.  The  requirement  that  fluctuation 
frequencies  as  high  as  40  kHz  be  accurately  re¬ 
solved  (particularly  for  the  wa  1 1 -pres su re )  implied 
the  need  for  sampling  rates  on  the  order  of  100  kHz 
or  preferably  200  kHz.  To  achieve  such  a  high 
sampling  rate  and  still  maintain  the  simultaneity 
of  12  data  channels  vckj  Id  require,  even  with  the 
procedure  of  slowing  down  the  tape  recorder  on 
playback,  a  very  specialized  A/D  syatem  with  multi¬ 
ple  samp le -and -hold  circuits  and  fast  settling  and 
conversion  time*.  With  the  procedure  described 
here,  an  effective  sampling  rate  of  200  kHz/channel 
can  be  easily  achieved  for  any  number  of  channels 
even  with  the  relatively  inexpensive  and  limited 
A/D  system  available  on  the  mlnt-compu ter  (l.e., 
the  ADllX).  Ona  of  the  limitations  of  this  system 
Is  that  It  has  a  single  ssmple-and-hold  circuit, 
thereby  making  It  Impossible  to  achieve  strict 
simultaneity  when  sampling  more  than  one  channel 
under  normal  procedures.  The  requirement  that  the 


measurements  be  simultaneous  la  very  important  In 
terms  of  the  analyses  to  be  performed  on  the  daus 

Hie  procedure  used  to  achieve  these  require¬ 
ments  Involves  digitizing  a  single  data  channel  *' 
a  time  in  order  to  relax  the  need  for  very  high 
overall  sampling  rates,  and  employing  the  recorded 
200  kHz  sine  wave  to  determine  when  samples  are  tr 
be  taken  thereby  preserving  the  simultaneity  of  U 
group  of  channels  digitized.  The  data  Is  played 
back  at  1/64  the  speed  at  which  it  was  recorded 
(1. e. ,  15/16  IPS)  starting  at  a  point  Just  before 
one  of  the  pulses  on  the  pulse  train  channel 
(indicated  as  1  in  Fig,  4).  Sampling  begins  on  ti 
occurrence  of  this  pulse  and  is  repeated  at  each 
occurrence  of  an  appropriate  signal  on  the  Externa 
A/D-Start  Input  of  the  A/D  system.  This  Is  provK 
by  a  pulse  generator  driven  by  the  200  kHz 
(3.12  kHz  in  real-time)  sine  wave  on  the  recorder 
(indicated  as  2  in  Fig.  4).  CXie  to  the  limited 
memory  available,  a  maximum  of  approximately  1C,0G 
samples  can  be  made  with  one  pass  through  the  con¬ 
version  program.  This  data  la  written  on  disk  *n< 
the  process  repeated  for  each  data  channel  on  the 
recorder . 

It  can  be  seen  that  the  sine  wave  becomes  a 
clock  (for  time  on  the  tape)  having  a  resolution  c 
5  usee.  As  such  It  can  be  used  to  precisely  locar 
information  on  the  tape.  For  example,  If  more  the 
10,000  samples  are  required  the  clock  can  be  used 
to  measure  a  10,000  Interval  delay  between  the 
occurrence  of  the  pulse  and  the  start  of  the  next 
set  of  10,000  samples.  This  process  can  be  re¬ 
peated  almost  indefinitely  if  the  sine  wave  is 
sufficiently  free  of  noise  so  that  timing  errors 
do  not  accumulate.  It  Is  also  possible  in  the  cor 
version  program  to  make  the  timing  Interval  any 
integer  multiple  of  the  basic  5  usee,  thus  allow¬ 
ing  the  data  to  be  sampled  at  any  rate  that  is  an 
integer  fraction  of  200  kH* . 

As  with  the  digitizing  procedure,  the  re¬ 
quired  analyses  of  the  data  had  to  be  adapted  to 
the  constraints  of  the  11/34  system.  The  problem 
of  the  limited  memory  available  was  overcome 
through  the  use  of  overlays  In  the  analyses  pro¬ 
grams  and  by  analyzing  the  long  data  records 
(typically  30,000  points)  In  blocks  of  512  points 
at  a  time.  To  minimize  data  access  time  to  this 
procedure,  the  RL01  disk  drive  Is  used  as  the 
primary  or  direct  mass  storage  device^  Th«  slow 
speed  of  the  11/34  processor  la  an  unavoidable  dir 
advantage  of  the  system,  the  solution  of  which 
would  be  to  transfer  the  digitized  data  to  a 
faster  machine.  The  possibility  of  doing  this  wit: 
a  CDC-6600  la  being  Investigated. 

The  analyses  that  can  now  be  performed  on  a 
production  run  basis  on  the  11/34  Include  the 
following : 

-  bong  time  average  auto  and  cross 
correlations 

-  Conditional  sampling  of  the  data 
using  the  variable  Interval  time 
average  (VITA)  variance  to  Isolate 
temporal  sequence*  associated  with 


coherent  event*  to  the  flow  (  *ee 
Kaplan  and  Laufer  (Ref.  24 )  or 
BUckvelder  and  Kaplan  (Ref.  8)). 

Ensemble  average*  can  be  formed  froo 
a  set  of  event*. 

-  Pattern  recognition  analysis  to  coo* 
penaate  for  random  phaae  '‘Jitter"  in 
conditional  sample*  (*ee  Blackwelder 
(Ref.  25)) 

-  Short-time,  conditionally  sampled 
auto  and  crou  correlation*  (aee 
Brc*Jn  and  Thomas  (Ref.  14)). 

These  analyse*  can  ot  applied  to  the  original  data 
or  to  the  dat*  after  It  haa  been  filtered  using  a 
Faat  Fourier  Transform  (FFT)  algorithm  to  include 
only  fluctuation  componenta  in  a  chosen  frequency 
range.  In  addition  an  attempt  haa  been  made  to  see 
what  benefits  could  be  gained  by  incorporating 
certain  aspects  of  one  type  of  analysis  into 
another. 

4,  MEASUREMENTS 

The  mean  flov  parameters  at  several  stations 
in  the  tunnel  for  the  three  flow  conditions  for 
which  measurements  have  been  made  are  suT^sarlzed  in 
Table  1.  Detaila  on  the  measurement  of  the  mean 
velocity  and  turbulent  intensity  profiles  can  be 
found  in  Refs.  19  and  26.  It  should  be  noted  that 
the  boundary  layer  thickness  la  on  the  order  of  4" 
in  all  cases,  while  the  Reynolds  number  ranges  from 
approximately  5,000  to  100,000. 

Once  the  mean  properties  of  the  flows  were 
determined,  s izu 1 taneou s  reasurementB  were  made  of 
the  fluctuations  in  the  flov  with  the  sensor  array 
ihcvn  In  Fig.  2,  A  more  detailed  lay-out  of  this 
array  ia  presented  In  Fig.  5.  The  six  hot-film 
velocity  measurements  (I, J,K, L,0,W)  are  made  within 
a  distance  of  approximately  1/2"  from  the  tunnel 
wall.  The  hot-film  at  y  ■  ,025"(M)  is  the  type 
1279  aubminiature  probe  described  previously.  A 
table  of  the  various  non-dimensional  distances  from 
the  wall  for  the  different  flow  conditicaa  is  eleo 
included  in  Fig.  5.  The  measurement  of  the  wall- 
shear  with  the  flush  mounted  hot-film  sensor  (F)  is 
made  directly  below  the  velocity  measurements.  Five 
of  the  Kulite  pressure  transducers  (T,S,R,Q,P)  are 
aligned  In  the  streamwiae  direction  directly  up¬ 
stream  of  the  wall -shear  sensor.  The  spacing  of 
the  measurements  was  determined  strictly  on  the 
basis  of  placing  the  6ensors  as  close  as  physically 
possible.  The  primary  effort  of  the  present  ex¬ 
periment  has  been  directed  toward  measurements  with 
this  array,  although  more  recently  efforts  have 
also  been  made  to  set-up  and  make  measurements  with 
a  lateral  array  of  sensors. 

The  first  analysis  performed  on  the  measure¬ 
ments  with  this  array  was  to  obtain  the  spectral 
distributions  of  the  fluctuations.  This  was  done 
directly  from  the  recorded  analog  data.  An  early  . 
conclusion  reached  from  this  analysis  was  that  the 
levels  of  the  wall-pressure  fluctuations  for  the 
two  low-speed  cases  were  touch  higher  than  expected. 
As  s  result  of  many  previous  measurements  It  is 


to  be  expected  that  the  nni  level  of  the  will- 
pressure  fluctuations  will  fall  somewhere  between 
0.51  end  IX  of  the  dynamic  pressure,  q*.  In  the 
case  of  t1.  •  675  ft/aec  we  measured  a  reasonable 
level  of  0.008  q_.  But  at  IV  -  73  ft/sec  and  32.6 
ft/sec  the  measured  levels  were  equivalent  to 
approximately  0.23  q.  *nd  0,65  q_,  respectively. 

The  explanation  for  this  is  that,  for  the  low  speed 
tests,  the  wall-pressure  fluctuations  due  to  the 
turbulent  boundary  layer  become  so  weak  that  they 
drop  below  the  noise  "floor"  of  the  measuring 
devices.  The  noise  "floor"  is  made  up  primarily  of 
tunnel  noise,  although  other  sources  such  as  trans¬ 
ducer  vibration  response  and  miss lllgnment  with  the 
tunnel  wall  may  also  contribute  to  it. 

It  ia  thought  that  the  level  of  tunnel  noise 
could  be  lowered  with  extensive  acoustic  treatment 
of  the  sonic  throat  section  of  the  tunnel  (where 
the  flow  undergoes  rapid  acceleration)  and  by 
improving  the  auaoenaion  system  of  the  tunnel. 
Resides  the  time  involved,  several  factors  In¬ 
fluenced  the  decision  not  to  undertake  these  modi¬ 
fications.  First,  in  the  high  subsonic  regime, 
where  primary  interest  lies,  the  wa 11 -pressure 
fluctuations  due  to  the  turbulent  bcxjndary  layer 
are  thought  to  be  sufficiently  above  the  noise 
"floor"  to  allow  for  accurate  measurements .  Second ly, 
in  the  low  speed  cases  the  main  interest  Is  in 
looking  at  the  wall-shear  and  fluctuation  velocity 
profiles  (for  comparison  to  those  obtained  at  high 
Bpeed),  the  measurement  of  which  should  not  be 
a ignif leant ly  affected  by  tunnel  noiae.  And  lastly, 
the  measurement  of  very  low  pressure  levels  would 
require  much  more  sensitive  transducers  than  are 
now  being  used. 

Typical  power  spectra  obtained  for  the  vali- 
presaure  fluctuations  are  shown  in  Fig.  6.  Those 
measured  by  Serafini  (Ref.  27)  and  Wooldridge  and 
Villmarth  (R^f.  28)  are  also  shown  for  comparison. 

It  can  clearly  be  seen  that  for  the  two  low  speed 
flows  the  noise  "floor"  ia  anywhere  from  20  to  40 
dB  above  the  expected  wa II -pressure  fluctuations 
over  the  entire  range  of  pertinent  frequencies.  In 
the  high  speed  case  the  measured  fluctuations  have 
a  spectral  distribution  which  agrees  more  favor¬ 
ably  with  previous  measurements.  The  lower  levels 
obtained  above  u£*/Ujd  mj  .3  could  be  due  to  the  size 
of  the  transducer  not  allowing  accurate  resolution 
of  small-scale  f luc tua t Iona . 

A  comparison  of  previous  measurements  seems  to 
indicate  that  if  the  transducer  diameter  Is  too 
large,  a  loss  of  resolution  of  small-scale  pressure 
fluctuations  will  occur.  This  manifests  itself  as 
consistently  lower  measured  spectral  densities  at 
high  frequencies,  that  is,  above  «w  1* 

Ecmerli.ig  (Ref.  11)  has  sunxnarlzed  the  available 
results  in  terms  of  the  non-dimen* Iona  1  parameter 
du?/v,  where  d  is  the  transducer  diameter.  For 
values  of  this  parameter  above  approximately  100 
the  overall  rms  level  of  the  wall-pressure  fluctua¬ 
tions  is  always  measured  to  be  around  O.OOSq^,. 

Below  this  value,  the  measured  rma  level  increases 
linearly  as  duT/v  is  lowered.  This  increase  is 
attributed  to  the  increased  resolution  of  intense 
small-scale  fluctuations,  or  equivalently  of  high 
frequency  spectral  components,  by  the  smaller 
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transducers.  (More  recent  results  seem  to  Indicate 
that  a  good  part  of  this  Increase  can  be  attributed 
to  errors  Introduced  by  the  use  of  pinhole  micro¬ 
phones  (aee  Ref.  29)).  For  the  transducer  used 
here,  duT/v^  300  (for  -  675  ft/sec)  thus  In¬ 
dicating  that  some  loss  of  resolution  probably 
exists  In  the  present  measurements .  The  reasons 
for  the  high  overall  level  of  0.000  q,,,  have  not 
been  determined. 

An  additional  question  concerning  sensor  size 
arises  for  the  flush  mounted  hot-film  sensor.  It 
has  been  found  (aee  Thomas  (Ref.  15))  that  the 
bridge  output  voltage-wall  shear  relationship 
given  in  Section  2  holds  only  If 
L  u 

7.8  <  <  46 

V 

where  Lft  la  the  effective  length  of  the  sensor  in 
the  streamwise  direction.  For  a  sensor  width,  Wf 
of  about  twice  the  length,  Thomas  finds  that 
Lc/La  2.6.  Using  this  ratio  In  the  present  case 
(La  -  0.005")  would  yield  an  Leur/v  of  about  100, 

20  and  12  for  U*  -  675,  73  and  32.6  ft/sec,  re¬ 
spectively.  But  since  W/L  Is  larger  than  2 
(i.e.,  8),  the  ratio  Lc/La  will  also  be  smaller 

than  2.6,  thereby  giving  a  more  acceptable  value  of 
LeuT/v  for  -  675  ft/sec. 

Power  spectra  for  the  velocity  fluctuations  at 
two  poincs  in  the  boundary  layer  are  presented,  to¬ 
gether  with  similar  data  obtained  by  Wooldridge  and 
W’i  1  Imar th  (Ref.  29),  in  Figs.  7,8  and  9  for  the 
three  free-strearo  velocities.  In  all  three  cases 
there  is  reasonable  agreement  in  the  overall  shape 
and  level  of  the  spectral  distributions.  This 
confirms  the  assumption  that  unlike  the  wall- 
pressure  fluctuations,  the  velocity  fluctuation 
measurements  are  not  significantly  affected  by 
tunnel  noise  in  the  lower  speed  flows.  The 
differences  in  the  spectra  at  Che  two  measurement 
positions,  particularly  for  *  675  ft/eec 
(Fig.  7),  is  moat  likely  due  to  the  difficulty  in 
matching  the  frequency  response  characteristics  of 
the  different  anemomecers  used  for  the  measurements, 
It  should  be  noted  that  for  the  velocity  fluctua¬ 
tion  •ectra,  the  local  mean  velocity  and  not  the 
free-stream  velocity  has  been  used  to  non¬ 
dimens  Iona  lire  frequency. 

Representative  of  the  type  of  results  ob¬ 
tained  from  conditional  saddling  of  the  digitized 
data  are  the  ensemble  averages  shown  in  Figs.  10a 
and  b  and  the  sequence  of  fluctuation  and  total 
velocity  profiles  shown  in  Figs.  11  and  12.  These 
results  are  for  -  675  ft/sec  and  were  obtained 
by  applying  the  VITA  variance  analysis  to  the 
velocity  fluctuations  at  y  ■  ,075"(0)  to  detect 
the  occurrence  of  flow  processes  with  certain 
repetitive  characteristics.  An  ensemble  average 
Is  then  taken  of  a  short  interval  of  data  centered 
abcxit  these  detection  points  for  each  of  the 
measurements  In  the  flow.  The  results,  presented 
In  Figs.  10a  and  b,  show  that  the  flow  structures 
triggering  the  detection  scheme  are,  on  the 
sversge,  highly  coherent  over  the  entire  set  of 
measurements .  These  flow  structures  are  obviously 
some  aspect  of  the  large  scale  outer  structure 
since  the  detector  is  locsted  in  the  outer  region 


(i.e.,  y  »  568).  The  high  degree  of  correlat 
of  the  wall  measurements  to  the  passage  of  th* 
outer  structures  may  be  due  to  Che  fact  that  t 
wall  sensors,  due  to  their  size,  are  biased  to 
the  large  scales  associated  with  the  outer 
structures.  The  typLcal  sensor  dimension  of  0 
represents  approximately  300  viscous  lengths  a* 
Uw  •  675  ft/aec,  thereby  making  it  Impossible  t 
resolve  wall  region  processes  such  as  "bursts" 
which  are  thought  to  have  Lateral  scales  on  th- 
order  of  50  v/u  .  Irregardless  of  this  argume- 
however,  it  would  seem  that  the  strong  and  dir< 
influence  of  the  outer  structure  on  the  fluctu 
at  the  wall  in  this  high  speed  flow  may  have 
practical  importance  and  should  be  studied  fur1 

From  the  ensemble  averages  sh<*m  in  Fig. 

It  is  possible  to  depict  the  behavior  of  the  1* 
stantaneous  fluctuation  (Fig.  11)  and  total  ( F ! 
velocity  profiles  during  the  passage  of  the  av 
flow  structure.  The  similarities  between  the 
sequence  of  profiles  shown  in  Figs.  11  and  12 
those  obtained  by  Blackwelder  and  Kaplan  (Ref. 
in  the  wall  region  of  a  low  speed  (14  ft/sec) 
have  been  noted  In  Ref.  19.  The  ensemble  aver 
obtained  in  the  present  investigation  for  the 
speed  flows  (U^  -  73  and  32.6  ft/eec)  seem  to 
indicate  that  these  similarities  can  be  accoun 
for  in  one  of  two  ways.  Either,  as  has  also  b- 
suggested  by  Chen  and  Blackwelder  (Ref.  16),  t: 
wall  region  "bursts”  display  the  same  type  of 
signatures  in  terms  of  the  a  treatuw  is  e  velocity 
certain  aspects  of  the  large  scale  outer  struc- 
or  the  detection  scheme  being  used  in  all  thes< 
cases  triggers  on  some  ‘'typical"  structure  whl 
can  be  found  in  various  regions  of  the  boundar 
layer . 

Without  going  into  great  detail,  some  of  • 
other  analyses  performed  on  the  data  are  as 
f o  l  lows : 

In  the  ensemble  averages  it  is  some¬ 
times  necessary,  particularly  when 
the  separation  between  the  detector 
and  the  measurement  being  averaged 
is  large,  to  compensate  for  random 
variations  in  the  arrival  times  of 
events  at  the  two  positions.  This 
is  done  by  a  pattern  recognition 
analysis  which  corrects  for  this 
phase  "Jitter"  (see  Blackwelder 
(Ref.  25)).  Without  this  procedure 
it  is  possible  for  any  coherence 
that  exists  to  be  lost  in  the  noise 
that  results  from  the  randomness  in 
phase. 

Long-time  average  cross  correlations 
have  been  used  to  infer  Information 
concerning  overall  convection 
velocities  and  spatial  representa¬ 
tions  of  the  turbulence.  By  looking 
at  short-time  correlation*  over 
conditionally  sampled  sections  of 
data,  this  type  of  Information  can 
also  be  obtained  for  particular  flow 
s  true  tures . 
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Filtering  of  the  date  in  all  the 
anelyeet  discussed  thus  f«r  uiing 
the  FFT  can  be  uaeful  in  determining 
the  Importance  or  influence  of 
different  frequency  rangea  on  parti¬ 
cular  results.  By  correlating  the 
low  frequency  part  of  a  measurement 
with  scrae  repreaenta t ion  of  the  high 
frequency  componenta  tome  Information 
could  be  obtained  concerning  the 
relattcmahlp  betveen  the  large  acale 
itructures  and  amall  acale  phenomena 
■  uch  aa  ,fburata"  (see  Brown  and 
Thotnaa  (Ref.  14)).  Thla  would  be 
parti cular ly  applicable  to  the  wall 
rocBdur ementa . 

Future  plana  include  the  expansion  of  a 
lateral  array  of  aenaora  for  which  some  measure- 
menta  have  already  been  made.  These  measurements 
have  thus  far  only  involved  wall-shear  aenaora  in 
an  attempt  to  obtain  some  Information  concerning 
the  lateral  geometry  of  the  flow  structures.  it  la 
planned  that  thia  array  will  be  expanded  to  include 
wa  1 1  -pressure  and  streatrwiae  velocity  measurements 
aligned  in  the  lateral  direction.  To  accomplish 
thia  It  will  be  necessary  to  expand  the  number  of 
anemometer  channels  available.  This  is  being  done 
by  the  construction  of  as  many  as  20  simple 
anemometer  sets  similar  in  principle  to  the  circuit 
discussed  by  Veidman  and  Browand  (Ref.  30).  and 
also  to  one  developed  by  R.E.  Kaplan  at  U.S.C.  The 
use  of  these  anemometer  sets  will  greatly  simplify 
calibration  and  frequency  matching  procedures,  but 
will  require  additional  processing,  e.g.,  linear¬ 
izing,  of  the  digitized  data. 

5.  CONCLUSIONS 

A  facility  has  been  established  for  studying 
the  coherent  structure  of  boundary  layer  turbulence 
at  high  subsonic  speeds.  This  includes  an  in¬ 
duction  wind  tunnel  with  a  12"  diameter  test 
section,  an  instrumentation  package  for  measuring 
the  velocity,  wall-shear  and  vall-pressure  in  the 
boundary  layer  developed  on  the  wall  of  the  tunnel, 
and  a  data  analysis  system  capable  of  digitizing 
the  measurements  and  performing  relevant  condi¬ 
tional  processing  of  the  data. 

Although  primary  interest  lies  in  the  high 
subsonic  regime  (t1*.  700  ft/sec),  measurements  can 

and  have  been  made  in  turbulent  boundary  layers 
with  free  stream  velocities  as  low  as  30  ft/sec. 

The  boundary  layer  thickness  is  typically  between 
3  to  4",  although  again  the  wind  tunnel  has  the 
flexibility  to  allow  measurements  to  be  made  at 
various  positions  in  the  development  of  the  flow. 
The  instrumentation  package  gathered  for  the 
measurements  inc ludeshot -f i lm  velocity  probes, 
flush  mounted  hot-film  wall-shear  sensors  and  flush 
mounted  p i ezores i s t i ve  wall -pressure  transducers. 
Calibration  procedures  have  been  established  for 
the  velocity  probes  and  pressure  transducers  while 
a  standard  output  vol ta ge-shear  relationship  i6 
used  to  reduce  the  signal  from  the  wall-shear 
sensors.  The  instrumentation  and  associated  signal 
conditioning  and  recording  electronics  allow  for 
bandwidth*  of  up  to  20  kHz  for  the  velocity  and 


•hear  fluctuations  and  40  kHz  for  the  pressure 
f  luc  tua  1 1  oni  . 

Data  analysis  equipment  is  available  for 
performing  standard  spectral  and  correlation 
analyses  of  the  analog  data  and  a  specialized 
digitization  procedure  has  been  developed  to 
produce  discrete  time  sequences  of  the  f luc tua t ions . 
With  thia  procedure,  sampling  rates  as  high  at 
200  kHz/channel  can  be  achieved  while  maintaining 
the  s lau  1  tenet cy  of  12  recorded  data  channels.  This 
is  accomplished  using  a  relatively  unsophisticated 
A/D  conversion  system  that  is  part  of  a  PDP-11/34 
laboratory  mini -compu ter  ayatem. 

All  the  analysis  of  the  digitized  data  Is 
performed  on  thia  mini -compnj  r  er  system.  This  In¬ 
cludes  the  use  of  a  short-time  average  variance 
technique  to  locate  the  occurrence  of  coherent 
events  In  the  data  and  then  forming  ensemble 
averages  of  these  events.  A  pattern  recognition 
analysis  can  be  performed  to  improve  the  ensemble 
averages  by  compensating  for  random  variations  in 
the  arrival  time  of  the  events  at  different  points 
in  the  flow.  A  different  approach  to  conditional 
sampling  Involving  short-time  cross -correla ti ons 
can  also  be  applied  to  the  data.  In  addition,  all 
these  analyses  can  be  performed  after  appropriate 
filtering  of  the  data  using  a  Fast  Fourier  Trans¬ 
form  subroutine. 

Measurements  have  been  made  for  three  free 
stream  velocities  (i.e.,  U*  «  675,  73,  32.6  ft/sec) 
with  an  array  of  sensors  which  attempts  to  resolve 
the  velocity  profile  at  a  station  normal  to  the 
wall,  the  wall-shear  directly  below,  and  the  wall- 
presBure  in  the  streamwise  direction  directly  up¬ 
stream.  Typical  spectra  of  the  fluctuations  agree 
favorably  with  previous  measurements  except  for  the 
va  1 1  -pressure  in  the  two  low  speed  flows.  In  these 
cases  the  pressure  fluctuations  due  to  the  tur¬ 
bulent  boundary  layer  appear  to  be  well  below  a 
noise  "floor"  which  is  thought  to  be  made  up 
primarily  of  tunnel  noise.  In  the  high  speed  flow 
a  problem  exists  with  the  resolution  of  the  very 
small-scale  phenomena  associated  with  the  wall 
layer  by  the  relatively  large  pressure  and  shear 
sensors.  The  benefits  that  could  be  gained  in  this 
regard  by  using  a  cornuerc ia  1  ly  available  transducer 
with  a  sensitive  area  having  a  diameter  0.010"  will 
be  investigated. 

The  application  of  the  conditional  sampling 
analyses  to  the  measurements  has  led  to  several 
interesting  results  parti cular ly  in  the  high  speed 
case  where  investigations  of  this  type  are  scarce. 
The  analysis  of  this  data  is  continuing  while  plans 
are  being  made  to  expand  the  total  number  of 
measurements  in  the  grid  and  to  set-up  a  lateral 
array  of  measurements  to  obtain  information  about 
the  flow  structures  in  this  direction. 
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